This work studies the controller design of an active suspension based on experimental data of frequency response without using the parametric model. The QFT (Quantitative Feedback Theory) control technique was used based on its convenience for designs without explicit models. As a performance specification, the controller must increase the passengers comfort by reducing the car body absolute acceleration compared to a passive suspension, but without decreasing the safety associated to the transmission of the forces to the ground that are associated with the tires oscillation amplitude. This specification must be maintained in the range of frequencies involving the two resonance frequencies. The experimental data are collected from harmonic excitation tests, where the information is contained in the gain and phase of the response. The controller used was obtained by adding poles and zeros using a Nichols chart, typical in QFT designs. To illustrate the proposed procedure and the controller performance, a physical simulator of a quarter car suspension was used. The experimental data of the closed loop control system suggests that the active suspension with the proposed controller can increase comfort without sacrificing vehicle safety.
Introduction
There is no use for a vehicle capable of reaching high speeds without presenting a controllable behavior in such circumstances. For this, the dynamics of the vehicle must have a low sensibility to the various disturbances that may affect the safety and comfort of the passengers. Hrovat [3] justifies that ground characteristics are remarkable in this respect, since it is a known fact that the interactions of a car with the ground represents an important role in its dynamics. The safe driving speeds that can be obtained nowadays are in large part due to the quality of modern roads, but small irregularities still can have large dynamic effects when the vehicle is at high speed. A good suspension should minimize the effect of such agents on the cars safety and comfort.
In a general manner, a suspension can be characterized as the assembly that performs the mechanical interface between the ground and the remainder of the vehicle [2] . However, the suspension concept is not limited to automobiles. Various other applications make use of similar mechanical interfaces to decrease vibrations or impacts in a coupling, such as for large structures and large machinery that are subject to vibration during their operation [6] .
However, in a car, the comfort and safety aspects leads to conflicting design features, making the suspension design a compromise strongly related to individual application designed. This fact is evident when comparing the characteristics of suspensions between cars with different purposes, for example, a sports car, whose rigid suspension privileges the security over the comfort [5] .
One of the safety aspects is related to the contact force of the tire with the ground. The force that a tire has on the ground affects its adherence since the friction is proportional to the normal force between the surfaces [4] . Thus, from this point of view it would be interesting that this force be as much intense as possible. With the car stationary, the normal force between each tire and the ground is constant and equal to the weight force of the automobile, distributed among the heels. With the car being excited by the ground or by other factors that generate load redistribution, such as a turning maneuver, the contact forces of tires do change, affecting the adherence [2] . Therefore, it is desirable that the suspension absorbs all these excitations and keeps the force between the tires and the ground constant.
The comfort is related to the vertical movement of the vehicle relative to the ground, being either pure vertical movements or rotation movements, which are nothing but distinct pure vertical movements applied to different parts of the vehicle. There are other comfort criteria based on the position and the derivative of the acceleration (jerk), but they are also all connected to the vertical motion of the vehicle. There are other reasons, beside the comfort, that makes these movements of the vehicle relative to the ground undesirable, such as the integrity of loads and the degradation of vehicle parts [9] . Considering this, it would be desirable that the suspension keep the vehicle perfectly still in relation to the ground, regardless of ground characteristics or the maneuver being performed by this vehicle.
So, it can be concluded that an ideal suspension prevents the vehicle from any vertical movement in relation to the ground, while keeping the forces between the tires and the ground constant. Considering the improvement that a good suspension adds in a vehicle, the search for better suspensions is an important practice in the automotive sector.
However, there is a severe limitation which applies to most current suspensions, because these are normally composed only by mechanical elements with fixed dynamics and unable to insert energy to the system. These suspensions are named by the literature as passive suspensions.
The literature defines another type of suspension, called active suspension. An active suspension is able to have its dynamics changed in a controlled way, inserting energy in the system if necessary. Active suspensions are the category of suspensions that offers more ways for a good performance, at the cost of greater complexity [1] . The effort to control an active suspension is normally high since it needs the energy inserted into the system. However, without a suitable control, an active suspension will not have a performance that justifies its complexity. For this reason, several control strategies have been studied for this application.
In a general way, detailed knowledge of a plant is valued in terms of control. Thus, much of the proposed control strategies for active suspensions require a model of the vehicle. This paper aims to give a contribution on the field of active suspension control, proposing the design of its controller using only experimental data. This approach is interesting for scenarios where the parametric models are not known or are known with high parametric uncertain requiring the controller to be tuned for each case. This scenario is common in the industry, since it is usual that the suspensions projects involve empirical procedures.
Experimental results demonstrate that this proposed method for designing active suspension controllers, relying only in experimental data, offers indeed an acceptable performance for active suspensions and far exceeding the performance of passive suspensions.
Method

Experimental Apparatus
A suspension simulator 1 of a quarter vehicle was used to collect experimental data and test the designed controller. The simulator consists of two masses connected by helical springs and dissipative elements. The simulator also has an electric actuator between the sprung mass and the unsprung mass. This simulator is show by Figure 1 . It can be verified that the simulator has the layout of a quarter car model with the addition of an actuator. The variable Xs(t) represents the position of the gray platform (ground), Xmus(t) represents the position of the red platform (unsprung mass) and Xms(t) the position of the blue platform (sprung mass). Notice that the real system do not correspond exactly to the model depicted in Figure  2 . Here the elastic and damping constants are in fact the parallel combination of two springs and the friction between the linear shaft guides, respectively. The electric actuator significantly affects the dynamics of the system, even when electrically disconnected. The parameters of the model are not relevant to this work since the controller design did not take then into consideration. The complexity of the simulator is sufficient to project objectives. 
Data Acquisition
The controller design in this work is only based on the simulator frequency response due to harmonic excitations.
Among the variables measured by sensors in the simulator, the position is highlighted here for being measured for all of them: the sprung mass platform, the unsprung mass platform and the ground platform. Therefore, in order to standardize the collected data, it was determined that the measured variables should be the platforms positions.
Considering only the positions as outputs, there are four transfer functions that need to be characterized by the frequency response testing, as shown by Figure 3 .
The information of the simulator behavior is discrete in frequency, so it is important that the frequencies are well chosen. For this it was characterized a frequency vector, whose elements are the frequencies for all tests.
It was empirically determined that the frequency range of interest is from 3.1 rad/s to 84.8 rad/s. It was also assumed that an appropriate choice of frequencies is based on a geometric progression, with the proportional increase equal or less than 20%, generating a logarithmic scale. I was further added the extreme frequencies of 0.63 rad/s and 94.2 rad/s.
In order to automate the data collection process of the magnitudes and phases, they were obtained with the help of the discrete Fourier transform of the output signal, measured in the same frequency of the excitation. 
Controller Design
Control Problem Definition
This control problem has multiple controlled variables and only one manipulated variable. However, the control problem is simplified to only one controlled variable. This simplification limits the results of improving the comfort and safety simultaneously, since these metrics are normally associated with different controlled variables. However, it is possible to design a controller that improves the performance in both aspects, since these criteria are mostly noticeable in different frequencies and there is a relationship between the variables that allows the control action in one to affect the other in a constructively way. The validity of this simplification was verified in the results.
The criteria adopted here as the design objective was the comfort. The sprung mass position was chosen as the controlled variable and the performance was measured by the disturbance rejection in this variable.
Although the safety is not explicitly approached by the controller design, it is expected that it is, at least, equal to the safety provided from a passive suspension. The improvement or maintenance of the safety was verified a posteriori and it was found that the proposed controller succeeded in improving the safety beyond just improving the comfort.
The comfort criterion is more related to the sprung mass acceleration, so the chosen controlled variable is not the most suitable to meet these criteria. However, it is possible to relate the acceleration to the position according the following equation:
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Considering that the displacement x(s) consists of a single harmonic with constant amplitude D, and disregarding the phase, it is possible to rewrite the equation as
As ω is constant for each test, it can be verified that a change of the acceleration magnitude is directly proportional to the displacement amplitude. Thus, if the active suspension has smaller amplitude displacement at a given frequency, in relation to the passive suspension, it will also have smaller acceleration amplitude.
Naturally, in a real signal there are infinity harmonics. However, for this project it was set a frequency band of interest. Thus, if the proposed active suspension control reduces the amplitudes of any displacement in the defined frequency band, it will necessarily reduce the acceleration amplitudes in the same range. So it is reasonable to use the position in the design specifications. With this, it is possible to represent the system by the block diagram of Since the active suspension control is a regulatory problem, the reference of the controller is always constant and zero for this particular application.
QFT Specifications
Finally, to complete the design procedure is necessary to define the constraints used in QFT method and the parameters that define them [7] .
Among the many constraints that can be used in a QFT project, it was defined to use only the disturbance rejection constraint.
Stability are basic to a controller design, however in this control problem the constraints related to disturbances rejection are more restrictive, so the design depend only of them.
The disturbance rejection is directly linked to the performance of an active suspension based on the regulatory characteristic of the control problem. So this design requirement is the central point in the performance and to use constraints that ensure this is a natural choice.
It was decided to design the controller without a constraint limiting the control effort. The control effort is still considered indirectly by verifying the distance between the gain of the system in open loop and the disturbances rejection constraints. Note that constraints appear as barriers in the Nichols chart [8] .
The disturbance rejection barriers are defined by a parameter δ, which is inversely proportional to the required system sensitivity [10] . In this case, it was adopted a value of 1000 for δ. However, this value is not the one used to generate the barriers. This value was also modified according to the estimated gains of the transfer function Xms(s)/Xs(s), considering the system sensitivity for each frequency. This adjust is a simply multiplication of the system gain magnitude for each frequency by the parameter δ, generating a value greater than 1000, and therefore, more restrictive for frequencies where the system is more sensitive to disturbances. Only after this compensation it will be known the values that will lead to the barriers.
It is shown in Figure 5 the barrier generated by this parameter δ in the Nichols chart, before being modified by the gains of Xms(s)/Xs(s). It can be seen that the selected δ requires high system gains in order to meet the performance specifications. Note also that the constraint is practically a straight line, since the gain |G(jω)H(jω)| 1, that makes |1 + G(jω)H(jω)|  |G(jω)H(jω)|.
Performance Criteria
The performance criteria used for comfort in this work is based on a reference transfer function of an active suspension obtained based on theoretical limits demonstrated by [1] .
The work [1] demonstrates the theoretical limits of an active suspension based on a quarter vehicle model. This ideal transfer function accounts both criteria of safety and comfort. It is suitable as a reference of comfort without degradation of safety and without unnecessary control effort. An important feature of this transfer function is the damping of the peak gains, in the resonance frequencies. It was suggested a system with no frequencies with a gain higher than the unitary. The author of [1] proposed the use of two 2nd order functions with damping coefficients of 0.707 and a unitary gain, and adopted the position of the poles equal to a passive suspension for the same vehicle. This transfer function proposed by [1] manages the total damping of the gains in the resonance frequencies with a good exploitation of the natural dynamic characteristics of the suspension, allowing the proposed active suspension to have a good performance without wasting control effort.
This ideal transfer function for an active suspension can be posed in terms of position, as the following equation. 
It is show in Figure 6 the Bode plots of this transfer function.
Figure 6. Ideal Bode Plots for Xms(s)/Xs(s).
The adopted criterion is that the transfer function Xms(s)/Xs(s) should not present higher gains than 10 dB above the ideal transfer function, shown in Figure 6 . Thus, it must be at least lower than the estimated open loop transfer function. This criterion does not affect the controller design, but was verified posteriorly. If the active suspension does not meet this criterion, the design method with experimental data cannot be justified.
The adopted safety criterion is that it has to be equal or better the safety of a passive suspension.
Application
Data Acquisition
The data collection, which was performed according to the procedures described in the methodology section, has been showing the simulator characteristics that are necessary for the controller design. In each experiment it was calculated the frequency response of the simulator in terms of gain and phase, which were then represented in Bode diagrams and in the Nichols charts.
It is shown in Figure 7 the frequency response of the simulator by means of a Bode diagram obtained during this step of the experiment. This frequency response refers to the position of the sprung mass when the system is excited by the ground.
The effect of resonance of the unsprung mass to the sprung mass position can be seen highlighted in green, around 50 rad/s. The peak resulting from the resonance frequency of the sprung mass, which can be seen highlighted in red, occurred at a frequency about 15 rad/s. Similarly, it is shown in Figure 8 the Bode diagram of the unsprung mass position that is excited by the ground position. The phase was disregarded since this data is not used in the controller design but only for verification of the safety performance. We have got, as expected, a different behavior to the unsprung mass compared to the sprung mass due to their distinct mechanical coupling with the ground.
An issue related to the behavior of the unsprung mass position when it is excited from the ground is the gain at low frequencies, where the theoretical model suggests gains of 0 dB. One good explanation of this is the presence of Coulomb friction between the mass and its linear shaft guide, which would not exist in a real suspension. This phenomenon is most evident with the unsprung mass than the sprung mass.
The effect of the sprung mass resonance is visible at a frequency approximately 15 rad/s (see point highlighted in red). The peak due to the resonance of the unsprung mass can be seen highlighted in green at a frequency of approximately 50 rad/s. Therefore, as was expected, the resonances occur at the same frequency as for the sprung mass.
It is shown in Figure 9 the frequency response of the simulator obtained for the position of the sprung mass when the system is excited by the actuator. The resonant frequencies of the sprung mass and unsprung mass resulted, respectively, 15 rad/s and 50 rad/s, and are highlighted in red and green.
It may be noted that the measured gains are very low. This is consistent to the used units since the displacements are in the magnitude of millimeters, while the unit of transfer function is m/V Note also that there was a more obvious resonance coupling of unsprung mass with the position of the sprung mass (highlight in green).
Controller Design
The controller design, which was performed according to the procedure described, obtained by the QFT technique, provides a transfer function that allows the control of the simulator. There are no templates of uncertainties, typical in QFT designs, since there is not a criterion for robustness or characterization of uncertainties.
For the parameter δ it was adopted a value of 1000. However, this parameter must be higher when the gain of the system to disturbance is high. Therefore, to achieve a more appropriate parameter δ we have been adopting a variable parameter δ that is frequency dependent and obtained by multiplying the constant of 1000 by the gain of the estimated transfer function Xms(j)/Xs(j).
Finally, the parameter δ is reduced for the frequency of 0.628 rad/s. Since for very low frequencies, a vehicular suspension has a frequency response gain close to one due to the mechanical coupling, it would be a waste of control effort have a parameter δ too rigorous for that frequency.
It is shown in Figure 10 the disturbance rejection constraints obtained with this parameter δ.
To determine the controller transfer function we can split the constraints into three frequency ranges containing different requirements. This division allows seeking the proper behavior of the controller transfer function for each frequency considered.
It is shown in Figure 11 a comparison of the data estimated for Xms(s)/Xs(s) with the ideal transfer function proposed for [1] .
Note that, in the frequency range which includes the resonant frequencies, the simulator behavior is far from the ideal function proposed by [1] . The other frequency bands are separated by red lines.
In the first frequency band, the gain of the simulator is satisfactorily low when compared to the ideal transfer function. Therefore, it is desired that the controller shows a low gain in this frequency range in order to avoid wasting control effort where it is not needed.
In the second frequency band, the simulator has a gain above the ideal and therefore is where the controller must act. Therefore, the controller must have a higher gain at those frequencies. Finally, the third frequency range comprises frequencies beyond the range of interest defined for the control problem. Therefore, there is no need for the controller to act intensively on those frequencies, although the simulator has higher gains than the ideal transfer function.
Considering the controller characteristic depicted having higher gains in the central part of the frequency band of interest, a proposal for the controller transfer function in one that is similar to a band pass filter:
where, Being a and b numeric constants in the domain of the real numbers, which define the frequencies of inflections in the behavior of the controller transfer function and being n and m constants in the field of positive integers, which define the degree of their respective parts of the controller transfer function.
The value of b equal to 94 was adopted since that frequency is approximately the limit set for the band of interest.
The values of a, n, m and K were determined empirically using the Nichols chart by checking the behavior of the system transfer function in open loop superimposed with the defined constraints, according to the typical procedure for a QFT design. The values found are: a = 1, n = 4, m = 2 and K = 8105. Furthermore we identified the need for a derivative so that the controller can met the requirements determined by the constraints.
Thus, the transfer function of the designed controller is 4 2 5 1 ( ) 8. 10 1 94
It is shown in Figure 12 It may be noted that the system is far from meeting the requirements of the project, as it was expected.
It is shown in Figure 13 the last step of the graphical design in the Nichols chart, obtained with the controller and all project requirements already satisfied.
Figure 13. Last Step of the Graphical Design
It may be noted that the discretization is visible but it is not a problem, since it was considered by the constraints. Since all constraints were satisfied, the controller meets the design requirements.
Results
It is shown in Figure 14 It can be seen that, in general, the performance of the active suspension is better and closer to the theoretical ideal, with few frequencies where the gain of the passive suspension was lower.
It is shown in Figure 15 It is noted that, in general, the sensitivity of the unsprung mass in the face of disturbances from ground decreased in this case when compared to the passive suspension. There were frequencies where this sensitivity increases, mainly the frequency of approximately 94 rad/s, which is the highest frequency of the test. However, except in the vicinity of the resonant frequencies of the unsprung mass, the remaining gains are low, below 0 dB. The peak due to the resonance of the unsprung mass was also lower, and occurs at a higher frequency.
Thus, it can be concluded that, in general, the performance of the active suspension in terms of safety has been improved.
It is shown in Figure 16 a plot in the time domain with an input which simulates a type of a possible obstacle in a real way. The time interval shows the first two cycles of excitation.
Note This behavior is appropriate because with the slow stabilization of the position, the resulting velocities and accelerations are smaller. This improves comfort which is more related to the acceleration of the sprung mass than the position.
It is shown in Figure 17 the position of the unsprung mass for the same experiment. In this plot it is shown only the open loop input. It can be seen that, in closed loop, the position of the unsprung mass oscillates more quickly and with smaller amplitude and also stabilizes more quickly. A fast oscillation increases the speed and acceleration due to the displacement. However, the speed and the resulting acceleration are less related to safety criterion than the position of this mass. So this behavior is also more appropriate.
It is shown in Figure 18 It may be noted that the amplitudes of the acceleration of the sprung mass for the active suspension are always smaller than for the passive suspension, and for some cases it is about half of it. It is also evident that in addition of the initial amplitude be smaller, the acceleration of the mass for active suspension settles down more quickly, oscillating only once versus the six times of passive suspension. Thus, it is clear that the proposed active suspension offers a superior comfort performance.
Conclusion
This work studied the design of controllers using only experimental data to be applied in the control of an active suspension. The experimental results show that the performance is acceptable for an active suspension, and far superior to the performance of a passive suspension.
The performance shown by the controller is adequate to the requirements defined and presents both its proximity to the ideal transfer function, as well its improvement over the passive benchmark within the requirements of the project, although the validity of the theoretical ideal transfer function has been shown questionable in face of the invalidity of the theoretical model for representing the simulator behavior. Thus, considering the requirement of an active suspension outperform a passive suspension and the fact that the ideal transfer function became insufficient as a reference of the expected performance for an active suspension, it is missing a reference as a measure of success of the proposed active suspension in face of other active suspensions.
We can conclude, therefore, that it is possible to design a controller for an active suspension without a phenomenological model for describing its behavior, but only making use of the experimental data.
It can be concluded that it is possible to control one active suspension only by means of a controlled variable since the coupling between the states of interest allows the indirect action in both degrees of freedom allowing all desired effects are obtained as a compromise between comfort and safety.
Therefore, it was demonstrated that it is possible to develop a controller for an active suspension with the approach which is more convenient in a practical scenario. With the proposed method it is possible to control an active suspension with only one position sensor and without a state observer, resulting in a relatively simple implementation. It was also possible to obtain the transfer function of the controller without an explicit model to describe the dynamics of the suspension, using the experimental data instead of it. The controller obtained by applying this method, although it does not confer formally an implied optimality, represents a possibility to control an active suspension with a lower cost associated, which is desirable in a practical scenario.
Since the effectiveness of the method has been demonstrated for a suspension simulator, we propose for future work to apply this technique in real suspensions or simulators more representative and with more degrees of freedom. It is proposed also include the nonlinearities present in a suspension that can be represented in the form of uncertainties and thus easily considered in a QFT design.
It is also proposed to apply this technique in semiactive suspension, since they are cheaper solution and thus tend to have broad acceptance in the industry. Finally, we propose to investigate a possible loss of performance in this technique when compared with a technique which uses a phenomenological model. Also we propose to study a way to improve this technique, in order to have a better performance, or even guarantee an optimal control.
